In this study, we immobilized polydiacetylene vesicles (PDAVs) onto the surface of polystyrene (PS) microspheres (1 µm in diameter) by using both electrical charge and conjugated forces to form a reinforced composite structure. These reinforced complexes could be easily washed, separated by centrifugation, and resuspended by gentle agitation. After passing through a narrow 200 µm-diameter channel, the composite structures maintained their original shape, demonstrating their resilience and potential for use in microfluidic technologies. The number of PDAVs in the composite structure could be mediated by changing the extent of layer deposition, which affected the sensitivity of detection. It showed that PDAVs did not change their blue color after addition of detecting probes such as anti-H5N1, which was of great importance in the fabrication and modification of stable color-changeable biosensors based on PDAVs. By conjugating anti-H5N1 antibodies to the PS@PDAV via N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide chemistry, a stable blue complex, anti-H5N1 microsphere (PS@PDAV-anti-H5N1) was formed. A target antigen of H5N1 (HAQ [H5N1 strain A/ environment/Qinghai/1/2008{H5N1} in clade 0]) was detected by PS@PDAV-anti-H5N1. At an optimal PDAV deposition level of three layers, the limit of detection was determined to be approximately 30 ng/mL of HAQ by using optical spectrum measurement and visual inspection, meeting the needs of fast and simple color-changeable detection. However, a much lower limitation of detection (1 ng/mL) was able to be obtained using laser-scanning confocal microscopy, which could be compared with the results obtained with other sophisticated equipment.
Introduction
Polydiacetylene (PDA), which can be obtained by photopolymerization via 1,4-addition of diacetylene (DA) under ultraviolet (UV) irradiation, exhibits distinctive electronic and optical properties due to the highly delocalized π-electron system of its polymer backbone. 1 When exposed to external stimuli, including heat, pH, stress, ions, solvent, and biological substances, PDA can undergo conformational changes that cause a pronounced color change from blue to red and a dramatic shift in the λ max absorption of the polymer. [2] [3] [4] [5] [6] [7] [8] The intriguing stimuli-induced color change makes PDA of interest in a variety of applications, such as colorimetric chemosensing or biomolecular sensing. PDA-based biosensors have been proven to be sensitive to a wide range of analytes, such as proteins, lipophilic enzymes, bacteria, viruses, and pharmacologically active compounds. [9] [10] [11] [12] [13] However, PDA vesicles (PDAVs) are fragile and collapse easily, which limits their practical applications. To improve the versatility of PDAVs and enable multiplex detection, immobilization of the vesicles on solid substrates is needed. For this purpose, microsphere substrates are better than planar substrates, because biochemical reactions using microspheres can be performed more efficiently in solution. For example, target molecules can be detected using microspheres in microfluidic systems. Some papers have reported the creation of core/shell structures in which a monolayer of PDA molecules is immobilized on silica beads, based on Ca ++ chelation or modification by 3-aminopropyltriethoxysilane. 14, 15 However, these methods based on chemical reaction created a monolayer of PDAVs, which limited the number of PDAVs. Moreover, the rapid sedimentation of high-density silica core limited the stable measurement of optical absorption in solution. Therefore, other methods for fabrication of PDA sensing are needed.
In the preparation of a biosensor based on the chromatic property of PDAVs, immobilization of detecting probes on it by chemical conjugation or physical methods would always cause the stress change in the ene-yne conjugated structure of PDAVs. 16, 17 Due to the weak mechanical property of PDAVs, color change often occurred before the detecting process started. Herein, we use a weak-force approach that enables multilayer adsorption of the DA vesicles (DAVs) on the polystyrene (PS) microspheres. The relationship between the reinforced effect and the stability as well as the sensitivity of H5N1 antigen detection was investigated.
Materials and methods Materials
Ninety-eight-percent pure 10,12-pentacosadiynoic acid (DA) was purchased from Sigma-Aldrich (St Louis, MO, USA) and was further purified before use by dissolution in chloroform followed by filtration to remove polymerized monomers. PS microspheres (∼1 µm, 1.4 wt% in water) were cleaned by centrifugation. Linear poly(ethylenimine) (PEI) and poly(sodium 4-styrenesulfonate) (PSS) (molecular weight 70,000) were purchased from Sigma-Aldrich. Bovine serum albumin (BSA) was purchased from Beijing Reagent Company (Beijing, China); N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were purchased from Sigma-Aldrich; target antigen of H5N1 and the anti-H5N1 monoclonal antibody were provided by the Institute of Zoology, Chinese Academy of Sciences (Beijing, China). HAQ (H5N1 strain A/ environment/Qinghai/1/2008[H5N1] in clade 0) was used as the target antigen, which was first inactivated by formaldehyde, examined by inoculating embryonated chicken eggs, and then purified according to the reference. 18 Anti-H5N1 is a monoclone antibody, which was produced in mice and purified. Its specific antibody titer was tested with enzyme-linked immunosorbent assay.
Preparation of DAVs
Purified DA powder in 10 mL of redistilled water was sonicated in an ultrasonicator bath (KQ-100B; Kunshan Ultrasonic Instrument, Shanghai, China) for 5-6 minutes at a temperature of approximately 80°C to produce a semitransparent, 1 mM solution. This solution was cooled to room temperature in the dark and stored overnight at 4°C to induce crystallization. The solution was then filtered with a 0.3 µm nylon filter membrane to remove impurities.
Preparation of multiple-layer composite microspheres
Positively charged PS microspheres were prepared as previously described (see Figure S1 ). 19 Composite microspheres were prepared as follows. First, 0.5 mL of 1 mM DAV solution was added drop-wise to PEI-coated PS microspheres dispersed in 1 mL of water. After adsorption for 30 minutes, excess negatively charged DAVs were removed by centrifuging (4000 g) three times. Then, PEI was added again drop-wise to change the negatively charged surface of the PS microspheres. The size of the ultimate PS@PDAV microspheres was approximately 1.3 µm in diameter, and the final microspheres were of a uniform morphology on a large scale (see Supplementary materials). The deposited process was repeated several times, and changes in zeta potential following each addition were recorded on a Zetasizer (Malvern Instruments, Malvern, UK). The final solution was irradiated with UV light at 254 nm for 1 minute to polymerize the DA. The blue color of the solution intensified as the number of PDAVs increased, and the adsorption peak at approximately 640 nm did not change, indicating their backbone alternating ene-yne conjugated structure kept well. This procedure is depicted in Figure 1 .
Conjugating anti-H5N1 antibody onto the PS@PDAV microspheres
The microsphere-antibody conjugates were prepared according to a modified version of a previously published procedure. 20 The free carboxylic acid moieties of PDA on the outside layer of the conjugated microspheres were activated by a reaction with NHS and EDC at a molar ratio of 1:1. 
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performed by centrifugation (4000 g) in three water-wash cycles. The anti-H5N1 antibody was added to a 1 mL solution of microspheres at a dilution of 1:3000, as was determined to be optimal by laser-scanning confocal microscopy (LSCM) (see Supplementary materials), and allowed to react for 3 hours at 4°C on a shaker. To avoid nonspecific absorption, a 150 µg/mL BSA solution was added. All excess unbound components were removed from the microsphere solution by centrifugation (4000 g) with three water cycles.
Chromatographic detection of HAQ
Various amounts of HAQ were injected stepwise with a syringe into the conjugated microsphere solution with a constant pH of 6.9 at 36°C. The color change was visible with the naked eye and was recorded with a UV-visible spectrometer.
The transition from blue to red was quantified by the colorimetric response (CR), as suggested by Charych et al: Fluorescence detection by laser-scanning confocal microscopy LSCM imaging was performed with an Olympus (Tokyo, Japan) FV1000 (excitation and emission were recorded at 515 nm and 527 nm, respectively) and was analyzed by using Image-Pro Plus 5.0 software (Media Cybernetics, Rockville, MD, USA). A 100 × UPLSAPO (Olympus) oil objective lens (numerical aperture = 1.4) was used. The intensity calculated by the software was a mean density, which was the integral optical density per area. To obtain the result, the images needed to be converted to grayscale 8 and contrast inverted, followed by optical density correction by clicking the Intensity Calibration button. The value of the integral optical density and area was figured out after selection of proper measurement parameters.
During the experiment, various amounts of HAQ were injected with a syringe stepwise into the PS@PDAV-anti-H5N1 solution (pH 6.9). After incubation at 36°C for 20 minutes, the solution was then dripped quantitatively onto a clean slide and dried at 4°C for measurement. 
Surface electromotive potential (ζ potential) measurement
The surface electrical charge of the microspheres (ζ potential) in solution was measured by a zeta-potential meter (Zetasizer Nano ZS; Malvern Instruments).
Microfluidic chip preparation
The microfluidic chip was made of polydimethylsiloxane with a channel diameter of 200 µm. The process for the preparation of the chip was the same as published previously. 21 Microchannels were prepared in a soda-lime glass wafer using standard photolithography, with cross-channel dimensions of 200 × 30 µm (width × depth). A thoroughly cleaned glass plate was spin-coated with a photoresist exposed to UV light (365 nm, 6.8 mV/cm 2 ), followed by acid etched, drilled, and then bonded. All of the joints were connected by silicone tubes. A kind of dual-syringe pump (TS-1A/ L0107-1A; Baoding Longer Precision Pump, Baoding, China) was used for flow.
The microsphere solution was passed through the microfluidic chip by an automatic sampler at a speed of 500 µL/ minute.
Scanning electron microscopy and transmission electron microscopy measurement
Scanning electron microscopy (SEM) images were recorded on a Hitachi (Tokyo, Japan) S4800 microscope operated at 10 kV. For the SEM observation, suspensions were dropped onto a silicon wafer, followed by air-drying and gold coating.
Transmission electron microscopy (TEM) operation was carried out on a JEOL (Tokyo, Japan) JEM-1011CX microscope at 100 kV and images were captured digitally. The samples were obtained by dropping 2 µL of solution onto Formvar-covered copper grids.
Results and discussion
Reinforcement effect of PDAVs by immobilization on PS microspheres
To improve the stability of the PDAVs, we fabricated a reinforced composite PS@PDAV by immobilizing PDAVs on PS microspheres using both electrical charge and hydrophobic forces. This process was directly described by the change of charge (in solution zeta potential) using the Zetasizer. As shown in Figure 2A , the zeta potential of the microspheres Figure 2B is the SEM image of bare and PS@DAV microspheres separately. On the left is the SEM image of the bare PS microspheres with smooth and spotless surface at approximately 1 µm, and on the right is the SEM image of the PS@DAV microspheres. From the SEM images of the PS@PDAV microspheres, the individual PDAVs are hardly to be found; instead, they almost stayed on the surface of the PS microspheres via the strong electrostatic interaction.
Our experimental results showed PS@PDAV microspheres had much better mechanical strength characteristics than PDAVs alone because of their solid PS cores. PDAVs were tightly coated onto the surfaces of the PS microspheres by strong electrical charge interactions. Even when a collapse occurred, the PDAV assemblies stayed on the PS surface instead of diffusing into the solution or adsorbing onto the wall of the container, which ensured that PDAVs participated in the reaction.
To demonstrate the high mechanical strength of PS@PDAV, Figure 3 shows the vesicles collapsing when dried onto a glass substrate. In contrast, the morphology of the complex microspheres is stable both in solution and dried onto solid substrates, which makes it possible to use them in a detection system with high mechanical strength. Most importantly, the good mechanical strength characteristics of the core/shell microspheres made it possible to use them in a microfluidic system. Here, we used a single-channel microfluidic chip for the test, as shown in Figure 4A . SEM images of the microspheres showed that the morphology of the microspheres did not change when passing through the channel of the microfluidic chip (Figure 4) . At the same time, the color of PS@PDAV remained blue, and the chromatic property of HAQ detection remained unchanged. Therefore, these microspheres have the potential for use in microfluidic systems.
In addition to the uniform morphology described above, the PS@PDAV microspheres exhibited other major advantages relative to traditional PDAVs. First, impurities in the solution were easily separated from the microspheres. Previously, PDAVs were separated from impurities by dialysis or high-speed centrifugation. However, dialysis is time-consuming compared to our method, and high-speed centrifugation causes adhesion of DAVs to the surface of the centrifuge tube, making them difficult to redisperse following centrifugation. In our case, the PS@PDAV microspheres could be almost entirely precipitated at 4000 g for approximately 5 minutes ( Figure 5 ), and then be readily resuspended in solution simply by manual agitation. Secondly, the PS@ PDAV microsphere didn't cause color change after the detecting probe was immobilized. Generally, the blue-phases PDAVs are not stable and usually turn to the red phase when conjugating antigen/antibody or other detecting probes, which greatly limited the application of the PDAVs in many cases. However, it has been found in our experiment that the immobilization of antibodies such as anti-H5N1 to the blue PS@PDAV didn't cause blue-red phase changing, implying the effective conjugation length of the PDA backbone was not stressed much. This property could be attributed to the reinforced effect, which offers PDAVs higher resistance against large deformation by inserting or conjugating the biological probes into the color-changeable PDAVs.
Effect of the number of PDAVs on the chromatic property and the recognition ability of the PS@ PDAV-anti-H5N1 microspheres It is possible to control and increase the quantity of PDAV adsorbate by stepwise self-assembly. Single-and multilayer PS@PDAV microspheres were compared. Figure 6 shows SEM images of PS@PDAV microspheres with multiple depositions of PDAVs. The left panel of Figure 6A shows the initial PDAVs adsorbed onto the PS microspheres, and the right panel shows multilayer PS microspheres. From left to right, the surface roughness can be seen to increase, demonstrating that the number of PDAVs increased upon additional rounds of adsorption. Additionally, the UV-visible Figure 6B . The absorbance level was correlated with the number of PDAVs adsorbed onto the microspheres. Accordingly, the color gradient of the solutions followed the same trend. The initial solution of bare PS microspheres with PEI and poly(sodium 4-styrenesulfonate) was a white suspension, while the blue color of the solutions became deeper as the number of PDAV increased, as shown in Figure 6C . It is important that the blue color didn't change during the increase in immobilization of the PDAVs, implying the conjugation length of the polydiacetylene backbone was not changed.
To understand the relationship between the immobilized PDAV numbers in PS@PDAV-anti-H5N1 and the ability for HAQ detection, a series of PS@PDAV-anti-H5N1 with different layers of PDAVs were reacted with HAQ.
Fluorescence response measured by LSCM showed that the detection sensitivity was increased as the number of immobilized PDAVs increased, exhibiting a new way for enhancing the detection sensitivity of a PDAV-based biosensor.
Before the detailed recognition of H5N1 virus, we optimized the concentration of anti-H5N1. Among a series of dilute concentrations, the detection sensitivity was best at a concentration of 1:3000 (see Supplementary materials). In our experiment, interestingly, the quantity of PDAVs adsorbed on the microspheres also affected the sensitivity of detection. The experiments were performed at the optimal concentration of anti-H5N1 for H5N1 (30 ng/mL) detection using different quantities of PDAV composite microspheres (one layer, two layers, and three layers), as shown in Figure 7 . We found that three layers of PDAV-adsorbed microspheres were the most sensitive for reorganization. 
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Rapid, naked-eye detection of HAQ Figure 8A is an illustration of a chromatic immunoassay using anti-H5N1 microspheres for HAQ detection. Different concentrations of HAQ, including an HAQfree control, were added to blue BSA-blocked anti-H5N1 microsphere solution. The chromatic change of PDA from blue to red occurred quickly (#30 minutes). Figure 8B shows the UV-visible spectra at anti-H5N1 concentrations of 0 ng/mL, 20 ng/mL, 30 ng/mL, 50 ng/mL, and 60 ng/mL. As the HAQ concentration increased, the absorption peak at 640 nm gradually shifted to 540 nm.
This result demonstrates that disturbance of the PDA backbone occurred when HAQ linked to the conjugated anti-H5N1 antibodies. 22 The color change of the solution could be easily observed by the naked eye, as shown in Figure 8 . According to the literature, the limit of detection for the target analyte was defined as a CR% value of approximately 10-15. 23 Based on the data presented in Figure 8 , a limit of detection for HAQ of approximately 30 ng/mL was obtained, meeting the needs of fast and simple color-changeable detection. 
Figure 9
Fluorescence signals using anti-H5N1 and relative laser-scanning confocal microscopy images for HAQ at various concentrations: 0 ng/mL, 0.1 ng/mL, 1 ng/mL, 5 ng/mL, 10 ng/mL, 50 ng/mL, 100 ng/mL. submit your manuscript | www.dovepress.com
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High-sensitivity detection of HAQ by using LSCM Although reinforced anti-H5N1 PS@PDAV microspheres have many merits, the low detection sensitivity determined using the UV-visible spectra restricts their application in some cases. Measuring the fluorescence of PS@PDAV-anti-H5N1 induced by recognizing HAQ improved the lower limit of detection signif icantly. Fluorescent rings of varied brightness, as determined by LSCM, characterized the signal. The concentration of HAQ was quantified from the fluorescent intensity of the rings, as calculated by Image-pro plus 5.0 software. Figure 9 shows LSCM images and fluorescent intensities of different-concentration HAQ (0 ng/mL, 0.1 ng/mL, 1 ng/mL, 5 ng/mL, 10 ng/ mL, 50 ng/mL, and 100 ng/mL). From the LSCM images, we can see that both the signal intensity and the brightness of the images increased as the concentration of HAQ increased from 0 ng/mL to 100 ng/mL. As a result, a limit of detection of 1 ng/mL was obtained.
To investigate the detection specificity of anti-H5N1 antibody-conjugated microspheres, other biomolecules such as MC-LR, human immunoglobulin G, and Escherichia coli were detected for comparison. The concentration of each analyte was 50 ng/mL. Figure 10 shows that no LSCM signal was observed for the high concentration of any of the analytes tested, demonstrating the high specificity of HAQ detection by anti-H5N1 antibody-conjugated microspheres.
Conclusion
This study describes an approach to the preparation of an effective biosensor for H5N1 recognition on a reinforced composite structure composed of PDAVs deposited on PS microspheres. It overcomes the unstable transducer property of PDAVs, which often change their color due to the insertion or conjugation of biological probes. The as-prepared reinforced chromatic assay is robust and easy to operate, easy to purify under centrifuge and redisperse just by shaking with the hand, keeping its form and chromatic property after passing through the microfluid channel. Although the exact mechanism of the reinforcement effect is not clear yet, the phenomenon itself has already shown great significance in application. Further study of the mechanism of this finding and its sensitivity improvement by changing the structure as well as the environment factors for the practical application will be an attractive area for research in the future. 
Supplementary materials Preparation of positively charged PS microspheres
The positively charged PS microspheres were prepared as follows. As shown in Figure S1 , 1 mg/mL solutions (containing 0.1 M NaCl) of PEI and poly(sodium 4-styrenesulfonate) were added into the negatively charged PS microspheres (sulfate-stabilized, zeta potential ≈ -28.6 mV) solution (approximately 1.4 wt% in water) alternatively. The reaction lasted for 20 minutes, each time followed with four repeated centrifugations (4000 g) to remove excess polyelectrolyte with water washing. This process was repeated several times until the PS microspheres were coated with three layers of polyelectrolyte.
Size characterization of PDAVs and PS@PDAV microspheres
As shown in Figure S2 , from the TEM and the dynamic light scattering data, the average size of PDAV was about 117 nm. From Figure S3 , after immobilization of the PDAVs, the size of the PS@PDAV microspheres was changed compared with PS microspheres.
The average size was 1.29 µm and the standard deviation (SD) was 9%, as shown in Figure S4 . By demographic analysis, the mean particle size of PS@PDAV microspheres is approximately 1.3 µm with an SD of 9%. Statistically, 67% of the particles are on a scale between 1.25 µm and 1.35 µm, among which particles of 1.3 µm account for approximately 26% of the total. Therefore, the final size of the PS@PDAV microspheres increased to approximately 1.3 µm, and the final spheres are of a uniform large-scale morphology.
LSCM analysis of PS@PDAV microspheres
When exposed to external stimuli, the backbone of PDAVs would be disturbed and cause a pronounced color change from blue to red. The red PDAVs showed a fluorescence property when excited by a certain-wavelength laser. To characterize PDAV adsorption onto PS microspheres further, the assemblies were observed by LSCM. A 100 × UPLSAPO oil objective lens (NA = 1.4) was used for observation, and excitation and emission were recorded at 515 and 527 nm, respectively. Figure S5A and B show LSCM images of blue PS@PDAV microspheres and red PS@PDAV microspheres, respectively. These images indicate that blue PS@PDAV microspheres failed to fluoresce and appeared black in LSCM, while red PS@PDAV microspheres emitted a bright ring of fluorescence when excited by a 515 nm laser. In the magnified image of red PS@PDAV composites ( Figure  S5C ), the fluorescence-intensity distribution analysis of a random microsphere was analyzed using Image-Pro Plus 5.0 software. From the distribution diagram, the intensity inside the composite bead was clearly weaker than the intensity on the outside, and it was approximately equal at a symmetrical site outside the bead. These results verified that the PDAVs were successfully immobilized on the PS microspheres, and the lipid coverage appeared to be uniform.
Optimization of anti-H5N1 antibody concentration for detection of HAQ
These experiments were performed with uniform conditions and H5N1 virus concentration to determine the optimal concentration of anti-H5N1 antibody. Here, microspheres with three layers of PDAVs were used. Free carboxylic acid moieties of PDA on the outsides of the microspheres were treated with NHS and EDC to permit conjugation with the amino group of anti-H5N1. To avoid nonspecific absorption to the vessel wall, a 150 µg/mL BSA solution was added. Then, anti-H5N1 microspheres were prepared with antibody diluted to 1:2000, 1:3000, 1:4000, and 1:5000. Anti-H5N1 microspheres were incubated for 20 minutes at 36°C, followed by addition of HAQ (30 ng/ mL). Samples were then spotted quantitatively onto slides and dried at low temperature. The fluorescence signals were collected by LSCM using uniform conditions (based upon the strongest intensity to avoid overexposure) and analyzed using Image-Pro Plus 5.0 software, as shown in Figure S6 . 
